All relevant data are within the paper.

Introduction {#sec001}
============

The Tibetan Plateau (TP), as the Third Pole of the world \[[@pone.0141442.ref001]\], is characterized by 12,000 km^3^ of glaciers and 122.2×10^4^ km^2^ of permafrost \[[@pone.0141442.ref002]\]. Melt water from this region ensures permanent flow of Asia\'s major river systems, so the TP is called the water tower of Asia \[[@pone.0141442.ref003]\]. Global climate changes cause glacier retreat, snow melt and permafrost degradation \[[@pone.0141442.ref004]--[@pone.0141442.ref006]\], which then influence water storage distribution in the TP. Eventually these changes affect the livelihood of over 1.3 billion people and various ecosystems fed by river water that originates in the TP.

Water storage in the TP has been studied using the Gravity Recovery and Climate Experiment (GRACE) data ever since the data became available in August 2002. Conclusions regarding changes in the water storage in the TP vary, depending on the region studied and the periods over which the studies were carried out. The first analysis of water storage in the TP using GRACE data, which was based on the time period from 2002 to 2006, concluded that the TP had an area-average reduction in water thickness of 0.031±0.019 cm/month \[[@pone.0141442.ref007]\]. Another study based on the GRACE data between 2002 and 2008 for areas in India close to the southwestern edge of the TP demonstrated huge groundwater depletion in that area that may be due to over consumption of groundwater for irrigation and other anthropogenic uses \[[@pone.0141442.ref008]\]. Similar conclusions were also reached by other studies using GRACE data \[[@pone.0141442.ref009],[@pone.0141442.ref010]\]. For example, a study in the source region of the Yellow River over the period 2003--2008 concluded that water storage in this region increased by 0.51 mm/month, probably as a result of permafrost degradation and the resulting increase in the thickness of the active layer \[[@pone.0141442.ref011]\]. Using GRACE data, Moiwo et al. \[[@pone.0141442.ref012]\] analyzed changes in the total water storage over the entire TP from 2003 to 2008 and concluded that there was a water storage loss. Matsuo and Heki \[[@pone.0141442.ref013]\] investigated the negative gravity trend in the region and concluded that it is due to substantial melting of glaciers. They discussed three factors that may cause uncertainty in their estimates: groundwater decline in northern India, tectonic uplift and glacial isostatic adjustment. They estimated that the average rate of ice loss in the high mountains of Asia is 47±12 km^3^/y, equivalent to \~0.13±0.04 mm/y sea level rise. In a study of the contributions of melting glaciers and ice caps in the high mountains of Asia on global sea level rise, Jacob et al. \[[@pone.0141442.ref014]\] concluded that the water mass is increasing in Tibet and Qilian Shan, even though there is an overall decrease over the entire region. Jacob et al. \[[@pone.0141442.ref014]\] attributed this mass increase to an increase in glacier mass, whereas Zhang et al. \[[@pone.0141442.ref015]\] concluded that the increase is caused by water accumulation in lakes.

Most studies of water storage in the TP have focused on glaciers, snow packs and lakes and rivers, where the impact of groundwater storage has been generally ignored. Recent studies in Nepal have demonstrated that the volume of water flowing through basement aquifers can be approximately six times higher than the contribution of melt water from glaciers and snow melt to river discharge \[[@pone.0141442.ref016]\], suggesting that groundwater is an extremely important component of the hydrology of the TP.

Although many studies have focused on different parts of the TP, no studies have been undertaken on water storage in the QB, a huge arid and semi-arid basin on the northern edge of the TP ([Fig 1](#pone.0141442.g001){ref-type="fig"}). The basin extends about 800 km in an E-W direction, is about 350 km wide and has a total area of approximately 256,000 km^2^. It has an elevation of 2600--3000 m \[[@pone.0141442.ref017]\], and is characterized by an annual potential evaporation up to 3,700 mm \[[@pone.0141442.ref017]\] and an overall annual precipitation of less than 300 mm \[[@pone.0141442.ref018]\]. The average annual temperature ranges from 1.2°C to 4.3°C. It is a closed basin surrounded on all sides by mountains; the rivers that originate in the mountains discharge into salt lakes and saline swamps within the basin. Rivers and lakes mostly occur in the eastern part of the basin, and the western part has very little surface water. There are 9 major permanent rivers in the basin, each with a discharge greater than 1 × 10^8^ m^3^/y \[[@pone.0141442.ref017]\]. Most of the rivers originate on the southern mountain slopes and radiate into the basin; the longest river extends for about 435 km \[[@pone.0141442.ref017]\]. The river water is derived mostly from glaciers and snow packs. Most of the river water eventually becomes groundwater downstream. There are 25 lakes in the QB, with areas ranging from 1.5 to 135 km^2^ \[[@pone.0141442.ref017]\] ([Fig 2](#pone.0141442.g002){ref-type="fig"}). Most of them are salt lakes due to long-term evaporation. About a decade ago, there were major concerns about environmental and ecological degradation due to land desertification and salinization caused by the dry climate, deforestation, overgrazing, as well as unsustainable use of both groundwater and surface water for irrigation and industrial purposes \[[@pone.0141442.ref019]--[@pone.0141442.ref021]\]. However, the situation has improved significantly in recent years \[[@pone.0141442.ref022]\].

![Spatial distribution of changing rates of TWS (mm/month) in the TP from 2003 to 2012, indicating an increase in water storage in the NTP, especially in the QB.\
The background shows the topography of the area.](pone.0141442.g001){#pone.0141442.g001}

![Changes in TWS from 2003 to 2012 in the QB and the locations of lakes.\
Lakes inside the QB with water level data are numbered as shown in [Table 1](#pone.0141442.t001){ref-type="table"} and those around the QB are marked in red circles. Three grids with observation wells (represented by black circles) are marked as A, B, and C.](pone.0141442.g002){#pone.0141442.g002}

The aim of this study is to examine the distribution of changes in the TWS in the TP, with a focus on the QB. Change in groundwater storage in the QB is estimated from the TWS. This change is then compared with the water level data from limited long-term observation wells in the QB. The mechanisms responsible for the changes in groundwater storage are examined, and the implications of these changes on water resources and the environment are discussed.

Materials and Methods {#sec002}
=====================

The Gravity Recovery and Climate Experiment (GRACE) mission, launched by NASA and the German Aerospace Centre in May 2002, features twin co-orbiting satellites that in tandem measure the Earth's gravity field with unprecedented accuracy and can provide vertically integrated TWS change after adjusting for nonhydrologic effects \[[@pone.0141442.ref012],[@pone.0141442.ref023]\]. Data representing a total of 115 monthly TWS anomalies from January 2003 to December 2012 were used in this study \[[@pone.0141442.ref024],[@pone.0141442.ref025]\]. The TWS values estimated from GRACE are presented as TWS anomalies, which are calculated as the original monthly values minus their mean over the period from 2004 to 2009 (<http://grace.jpl.nasa.gov/data/gracemonthlymassgridsland/>). To be consistent with the TWS data, all other data series, such as soil water and groundwater, are calculated as anomalies over their average values for the same period.

Monthly data from the Global Land Data Assimilation System (GLDAS) for the period January 2003 to December 2012, the same period as the with GRACE data, were also used in this study. The GLDAS data, which are presented on global 1°×1° grids, simulate soil-water fields and integrate the effects of precipitation, solar radiation, air temperature and other meteorological factors \[[@pone.0141442.ref008]\].

The total area of the 25 lakes in the QB is 1612.6 km^2^, as estimated from Landsat satellite images in 2004. No gauges are available to monitor the lake water levels. Lakes with ICESat data from 2003 to 2009 in the TP, including these seven in the QB, were studied by Phan et al. \[[@pone.0141442.ref026]\] to estimate the water level. Water-level changes from 2003 to 2009 in these seven lakes were taken from Phan et al. \[[@pone.0141442.ref026]\] and used here to estimate changes in their water inventory ([Table 1](#pone.0141442.t001){ref-type="table"}). The changing rate of the inventory of total lake area is estimated approximately from the changing rate of inventory in the seven lakes, details of which are explained later.

10.1371/journal.pone.0141442.t001

###### Locations of lakes and changes in their water levels and inventory (NA: lake names are not available).

![](pone.0141442.t001){#pone.0141442.t001g}

  No.   Lat.      Lon.      Name              Area (km^2^)   Elevation change (m/y)   Inventory change (km^3^/y)
  ----- --------- --------- ----------------- -------------- ------------------------ ----------------------------
  1     38.1146   90.7815   Gasi Kule         124.335        0.002                    0.000249
  2     37.0435   94.3903   NA                13.55          -0.008                   -0.00011
  3     38.8685   93.8782   Suqian            102.235        -0.022                   -0.00225
  4     36.9781   95.2047   Dabuxun           290.922        0.034                    0.009891
  5     35.439    95.4182   NA                7.991          0.005                    4E-05
  6     36.7276   95.8222   Nanhuoluxun Tso   4.108          0.003                    1.23E-05
  7     36.9035   95.9502   NA                92.946         0.012                    0.001115

In the QB, there are three grids A, B and C with long-term groundwater monitoring wells ([Fig 2](#pone.0141442.g002){ref-type="fig"}). Grids A, B, and C have 3, 1, and 3 observation wells, respectively. The water levels in these grids have been compared with the groundwater storage variations in the grids. The groundwater levels were converted into anomaly values in the same manner used to calculate the TWS anomalies.

Results {#sec003}
=======

3.1 Spatial Distribution of TWS {#sec004}
-------------------------------

TWS changes in the TP, including the QB, from 2002--2012 were examined. Near the southern boundary of the TP, there is an obvious decrease in TWS ([Fig 1](#pone.0141442.g001){ref-type="fig"}). The decrease in the bottom left corner is believed due to groundwater depletion \[[@pone.0141442.ref008]\]. The decrease along the Yarlung Tsangpo river was caused by melting of snow and glacial ice, with the resulting water being drained away by the river. The TWS in a large part of the TP, especially in the NTP, however, is increasing. Most of the grids with storage increases are located between latitude 34° N and 38° N. The grids in the southern part of the QB have the greatest increase in storage.

[Fig 2](#pone.0141442.g002){ref-type="fig"} shows the detailed TWS variations in the QB. The total TWS increase in the QB (inside the areas bounded by the black line) was calculated. When a grid is located at the boundary, only the TWS change in the portion of the grid within the boundary was included, and was calculated as the product of the TWS of the grid and the ratio of the area inside of the boundary to the total area of the grid. Most of the grids with TWS increase are located in the NTP and the total TWS increase in the areas with TWS increase (see the area bounded by the red broken lines in [Fig 1](#pone.0141442.g001){ref-type="fig"}) is 88.39 km^3^, which is 2.25 times the capacity of Three Gorges Reservoir with a water capacity of 39.3 km^3^ when the water level reaches 175 m \[[@pone.0141442.ref027]\]. [Fig 2](#pone.0141442.g002){ref-type="fig"} shows the detailed distribution of the grids with TWS increase around the QB; the grids around the south boundary of the QB have the greatest increase in the TWS (Figs [1](#pone.0141442.g001){ref-type="fig"} and [2](#pone.0141442.g002){ref-type="fig"}). The total TWS increase in the QB is 20.57 km^3^ ([Table 2](#pone.0141442.t002){ref-type="table"}), which is 0.52 times the capacity of Three Gorges Reservoir.

10.1371/journal.pone.0141442.t002

###### Variations of water components of TWS and precipitation around the QB between 2003 and 2012.

The brackets in the second column show the percentage contribution for each component of the TWS. Errors are calculated except for the data related to lakes because the lake level from \[[@pone.0141442.ref026]\] had no error information.

![](pone.0141442.t002){#pone.0141442.t002g}

  Water component         Total variation (km^3^)   Annual changing rate (km^3^/y)
  ----------------------- ------------------------- --------------------------------
  TWS                     20.57±2.82                2.24±0.28
  Soil moisture           3.09±0.98 (15%)           0.53±0.1
  Snow water equivalent   0.68±0.66 (3.3%)          0.06±0.07
  Lakes                   0.23 (1.1%)               0.02
  GW                      16.57±1.36 (80.6%)        1.62±0.14
  Rainfall                20.35±7.16                2.03±0.72

3.2 Temporal Changes of TWS and Its Components {#sec005}
----------------------------------------------

The TWS in the TP generally consists of storage in snow, glaciers, rivers, lakes, soil water and groundwater \[[@pone.0141442.ref008],[@pone.0141442.ref028],[@pone.0141442.ref029]\] and it is important to know which of these components dominate the changes in the TWS. The primary aim of this study was to understand the temporal and spatial distribution of groundwater storage in the QB. If other components are known, groundwater storage can be estimated by deducting them from the TWS.

The contributions from glaciers, rivers and lakes are difficult to estimate. In a similar study about TWS in Punjab in India southwest of the Himalayas \[[@pone.0141442.ref008]\], the glacial component was ignored because its contribution to the TWS was estimated to be very small. In the QB, we also ignored the glacial component of the TWS. Even in the source regions of the Yellow and Yangtze Rivers, which are much farther south than the QB and have higher elevations, the glacier areas are only 0.11% and 0.95% of the total source areas, and the contributions of glacial melt water to the rivers are only 0.8 and 6.5% respectively \[[@pone.0141442.ref030]\]. The QB has many fewer glaciers than the source regions of these two rivers and a previous study concluded that the maximum glacial contribution to the rivers in the QB is \< 0.1% of the river discharge \[[@pone.0141442.ref031]\].

In most cases, groundwater is the major component of the TWS, even in a major river catchment, because the area with aquifers is always much larger than the river channels with surface water. In the mountainous areas of a river catchment, groundwater is even more important component of TWS variations because the water table there is deep and the large subsurface storage capacity holds the infiltrated water longer before releasing it to streams \[[@pone.0141442.ref032]\]. A study on the role of groundwater in the Amazon Basin water cycle concluded that contributions of subsurface water accounted for 95% of the observed variations in TWS and that only 5% was due to surface water in river channels \[[@pone.0141442.ref032]\]. The rivers in the QB are sparse and very small, so water storage variations in these river channels are ignored in the following discussion.

If contributions from glaciers and rivers are ignored, the TWS variability is assumed to be mainly caused by the variations of groundwater (*GW*), soil moisture (*SM*) from 0 to 2.5 m below ground surface, snow water equivalent (*SWE*) \[[@pone.0141442.ref008],[@pone.0141442.ref028],[@pone.0141442.ref029]\], and lake water (*LW*). Thus, groundwater storage changes are estimated as: $$GW = TWS - (SM + SWE + LW)$$

The soil moisture (*SM*) and snow water equivalent data (*SWE*) can be obtained from the GLDAS data.

Water-level changes in lakes of the QB, which range from -0.022 to 0.034 m/y, are very small compared to many lakes in the inner TP \[[@pone.0141442.ref026],[@pone.0141442.ref033]\]. Water levels are increasing in five of the seven lakes included in this study, and decreasing in two. The total area of the seven lakes is 636.1 km^2^ and the changing rate of the total inventory these lakes is 0.00895 km^3^/y. According to this area and changing ratio, the changing rate for the total inventory in the lake area of 1612.5 km^2^ in the whole QB is estimated to be 0.0227 km^3^/y. The spatial distribution of the seven lakes is shown in [Fig 2](#pone.0141442.g002){ref-type="fig"}. The average rate of change in water levels for the period 2004--2008 estimated by Phan et al. \[[@pone.0141442.ref026]\] from the ICESat data is used to approximate the inventory changes in all 25 lakes from 2003 to 2012, which we have calculated to be 0.023 km^3^/y ([Table 2](#pone.0141442.t002){ref-type="table"}).

The temporal changes of the TWS in the NTP and the QB are compared in [Fig 3](#pone.0141442.g003){ref-type="fig"}, which shows that the TWS in both is increasing with time. In the NTP, changes in TWS fluctuate considerably, whereas those in the QB shows a very steady increase. [Fig 3](#pone.0141442.g003){ref-type="fig"} also shows the temporal changes of the components contributing to the TWS in the QB from 2002 to 2012. Variation of lake water is very small and are not included in the figure. As the TWS increases steadily, groundwater and soil water moisture also increase, although with some fluctuations.

![Changes in the TWS in the NTP and QB, and contributions to the TWS from its components (soil moisture, snow water equivalent and groundwater) in the QB from 2003 to 2012.](pone.0141442.g003){#pone.0141442.g003}

Using the linear trends of TWS in the QB and information on its various components presented in [Fig 3](#pone.0141442.g003){ref-type="fig"}, we calculated the water storage changes from 2003 to 2012 ([Table 2](#pone.0141442.t002){ref-type="table"}). In the past 10 years or so, the TWS and groundwater storage increased by 20.57 km^3^ and 16.57 km^3^, respectively, at a rate of 2.24 km^3^/y and 1.62 km^3^/y, respectively. Groundwater storage accounts for 80.6% of the TWS, whereas lake water increased by 0.23 km^3^ and only accounted for about 1.1% of the TWS. This suggests that groundwater is the major component in the TWS in the QB. This conclusion differs from that of a study on the relationship between TWS and lake storage in the TP \[[@pone.0141442.ref015]\]. Those workers concluded that increases in TWS were almost totally due to increases in lake levels as a result of increased precipitation \[[@pone.0141442.ref015]\].

Discussion {#sec006}
==========

4.1 Comparison of Estimated Changes in Groundwater Storage and Observed Groundwater Levels {#sec007}
------------------------------------------------------------------------------------------

Groundwater increases in the QB has been reported in the recent years. As stated in an official report \[[@pone.0141442.ref034]\], groundwater levels started to rise in the southern part of the QB in 2009 as a result of continuously increasing precipitation and river runoff. An increase of 3.07 m in the groundwater level was reported for the period January to November, 2009 \[[@pone.0141442.ref022]\], although no information was provided on the exact location and the size of the area where this increase occurred. Flooding was reported due to high groundwater levels, which created problems for the local residents. The overall effect of the groundwater increase, however, was positive because more water was available for consumption and a significant expansion of wetlands reduced erosion of valuable soil \[[@pone.0141442.ref022]\].

The temporal changes of the groundwater levels as well as the TWS and its components, are presented in [Fig 4](#pone.0141442.g004){ref-type="fig"}. Note that in these grids, there are no major lakes or rivers so surface water is ignored. As can be seen from [Fig 4](#pone.0141442.g004){ref-type="fig"}, the TWS and its components fluctuate more significantly than the corresponding values for the QB in [Fig 3](#pone.0141442.g003){ref-type="fig"}. This is because the values in [Fig 3](#pone.0141442.g003){ref-type="fig"} are averages from the entire QB, whereas those in [Fig 4](#pone.0141442.g004){ref-type="fig"} represent only the values in individual grids. Changes in TWS and groundwater storage in grids A and B are both significant but those in grid C are much smaller. Groundwater is the dominant component of the TWS in all three grids. The overall increasing trend of groundwater storage is similar to that of the observed water levels, suggesting that the groundwater storage increase estimated from the TWS is reasonable. However, the details of the trends in water level and groundwater storage are not directly comparable. This is because the observed water level represents a well or the average water level from a few wells in a grid, which are controlled by local conditions such as the geology and extent of groundwater usage, whereas the groundwater storage variations represent average groundwater changes over an entire grid.

![Changes of the TWS, its components, and observed groundwater levels in grids A (a), B (b), and C (c).](pone.0141442.g004){#pone.0141442.g004}

4.2 Factors Causing the Temporal Changes in Groundwater Storage and TWS {#sec008}
-----------------------------------------------------------------------

### 4.2.1 TWS and precipitation {#sec009}

It is natural to assume that the observed increases in TWS may be related to increased melting of snow and glacial ice due to rising temperatures \[[@pone.0141442.ref014],[@pone.0141442.ref035]\]. The water produced by this process moves from high to low elevations, leading to local redistribution of water storage. When melt waters flow into lakes, the water storage is locally increased, whereas when the melt waters flow into rivers they are carried downstream, leading to redistribution of water storage over relatively large areas. However, most of the rivers in the QB are relatively short considering the large scale of the study (1 grid≈100×100 km^2^) involved in the TWS calculations, thus the redistribution of melt water storage caused via rivers may not be as significant as expected. If melting of snow and glacial ice causes an increase TWS in downstream areas, there must be a decrease in the areas covered by ice and snow. Thus, a regional increase in TWS over the entire QB, must be due to other factors.

Changes in the TWS must be closely related to factors such as precipitation and evaporation. [Fig 5](#pone.0141442.g005){ref-type="fig"} shows changes in precipitation over the region (mm/y) from 2003 to 2012 calculated by GPCP (Global Precipitation Climatology Project). While overall precipitation south of latitude 35°N is decreasing and the pattern of change is complicated, precipitation north of 35° N is clearly increasing and the rate of increase is greatest in the grids near the southern boundary of the QB. This pattern was also confirmed by gauge-based precipitation \[[@pone.0141442.ref036]\]. There is a strong positive correlation between precipitation distribution and TWS in the QB, suggesting that variations in precipitation are a driving factor in TWS. The total precipitation increase in the QB from 2003 to 2012 is estimated to be 20.35 km^3^ ([Table 2](#pone.0141442.t002){ref-type="table"}), which is nearly identical with the TWS increase of 20.57 km^3^.

![Spatial distribution of changes in precipitation (mm/month) in the TP and surrounding regions from 2003 to 2012 calculated by GPCP.](pone.0141442.g005){#pone.0141442.g005}

Evaporation is another factor that may influence the TWS. Overall the potential evaporation increased in most of the TP between 1996 and 2010 due to an increase in temperature but it decreased slightly in the QB and surrounding areas \[[@pone.0141442.ref036],[@pone.0141442.ref037]\], probably because both the days of sunlight and the wind speed decreased \[[@pone.0141442.ref038],[@pone.0141442.ref039],[@pone.0141442.ref040]\]. Thus, we attribute the increase in TWS in the QB to both an increase in precipitation and a decrease in evaporation.

### 4.2.2 TWS and permafrost {#sec010}

A warming climate not only accelerates melting of glaciers and perennial snow cover, but also triggers permafrost degradation. The depth of the permafrost active layer in the TP, including the QB, has been increasing during the past few decades \[[@pone.0141442.ref006],[@pone.0141442.ref041]\]. Only seasonal frozen ground is present in the central QB but permafrost persists near the southern and northern mountain ranges, especially in the area southeast of Golmud \[[@pone.0141442.ref041],[@pone.0141442.ref042]\], which is also the area with the largest increase in TWS.

Typically, degradation of permafrost should lead to a decrease in groundwater storage in the shallow soil, which then becomes drier due to increases in the thickness of the unsaturated zone and/or reduction in the thickness of the shallow unconfined aquifer. However, an increase in the thickness of the unsaturated zones provides more room for infiltrating precipitation, leading to an increase in water storage in the shallow unconfined aquifers \[[@pone.0141442.ref043],[@pone.0141442.ref044],[@pone.0141442.ref045]\]. This may be also a factor related to the increased groundwater storage and TWS in the region.

Typically permafrost does not exist below lakes and deeply incised river channels \[[@pone.0141442.ref046]\], and there is an active hydraulic connection between river and lake water and the unfrozen soil, or talik, below the river or lake bottom. Permafrost degradation releases originally frozen groundwater to flow to the lakes or rivers, but at the same time, the increased talik areas may also lead to a loss of surface water to the shallow unconfined aquifer or a deep confined aquifer below the lakes or rivers because the surface water bodies are usually connected with deep aquifers through the talik zones. Consequently, an increase in precipitation eventually leads to an increase in water storage in both shallow and deep aquifers.

Summary and Conclusions {#sec011}
=======================

This study demonstrates that there is a significant increase in the TWS in the NTP, especially in the QB and its surrounding areas. Between 2003 and 2012, the TWS increase in the NTP (including its neighboring area) and the QB amounted to 88.4 and 20.6 km^3^, respectively, which is 225% and 52% of the capacity of the Three Gorges Reservoir. As water trapped in the endorheic basins in Australia can lead to global sea level reduction \[[@pone.0141442.ref047]\], such a huge increase in water storage in the NTP will have profound impacts both locally and globally.

In the QB, groundwater storage accounts for 80.6% of the increase in TWS. This increase in groundwater storage has been confirmed by measurements in monitoring wells in the region. The observed increase in water storage is mainly driven by a significant increase in precipitation and a slight decrease in evaporation. An increase in thickness of the active layer due to permafrost degradation also provides room for infiltration of increased precipitation to the shallow and deep aquifers, leading to the observed increase in groundwater storage. This increase in groundwater storage will play an important role in maintaining and improving the ecology and environment in the hyperarid Qaidam Basin.
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